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Abstract 

Background: To investigate the sensitivity of various gamma criteria used in the gamma-index method for 
patient-specific volumetric modulated arc therapy (VMAT) quality assurance (QA) for stereotactic body radiation 
therapy (SBRT) using a flattening filter free (FFF) photon beam. 

Methods: Three types of intentional misalignments were introduced to original high-definition multi-leaf collimator 
(HD-MLC) plans. The first type, referred to Class Out, involved the opening of each bank of leaves. The second type, Class 
In, involved the closing of each bank of leaves. The third type, Class Shift, involved the shifting of each bank of leaves 
towards the ground. Patient-specific QAs for the original and the modified plans were performed with MapCHECK2 and 
EBT2 films. The sensitivity of the gamma-index method using criteria of mm, 1.5%/1.5 mm, 1%/2 mm, 2%/1 mm 
and 2%/2 mm was investigated with absolute passing rates according to the magnitudes of MLCs misalignments. In 
addition, the changes in dose-volumetric indicators due to the magnitudes of MLC misalignments were investigated. The 
correlations between passing rates and the changes in dose-volumetric indicators were also investigated using 
Spearman's rank correlation coefficient (y). 

Results: The criterion of 2%/1 mm was able to detect Class Out and Class In MLC misalignments of 0.5 mm and Class 
Shift misalignments of 1 mm. The widely adopted clinical criterion of 2%/2 mm was not able to detect 0.5 mm MLC 
errors of the Class Out or Class In types, and also unable to detect 3 mm Class Shift errors. No correlations were observed 
between dose-volumetric changes and gamma passing rates (y < 0.8). 

Conclusions: Gamma criterion of 2%/1 mm was found to be suitable as a tolerance level with passing rates of 90% and 
80% for patient-specific VMAT QA for SBRT when using MapCHECK2 and EBT2 film, respectively. 

Keywords: Patient-specific quality assurance, Stereotactic body radiation therapy, Gamma-index method, Dose-volumetric 
indicator, High-definition multi-leaf collimator 



Background 

A widely-adopted patient-specific quality assurance (QA) 
method for intensity modulated radiation therapy (IMRT) 
is the delivery of a verification plan, which is identical to 
the treatment plan, to a phantom loaded with a two- 
dimensional (2D) dosimeter. The measured 2D dose distri- 
bution is then compared to the distribution calculated by a 
treatment planning system (TPS) [1]. When comparing the 
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2D dose distributions, the gamma-index method suggested 
by Low et al is generally used in the clinic and IMRT plans 
are evaluated with gamma passing rates [2], This QA 
method for IMRT has also been applied to patient-specific 
QA for volumetric modulated arc therapy (VMAT). Al- 
though VMAT is different in many respects from IMRT, 
the criterion of 3%/3 mm has typically been used for 
gamma evaluation for both IMRT and VMAT QA [1,3-9]. 
Recent studies have raised the question of whether or not 
the criterion of 3%/3 mm for VMAT QA is clinically rele- 
vant [10-12]. Heilemann et al recommended a stricter 
gamma criterion of 2%/2 mm rather than 3%/3 mm for a 
patient-specific VMAT QA [13]. Similarly, Fredh et al 
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compared VMAT QA results of 4 different commercial do- 
simeters and concluded that a criterion of 2%/2 mm rather 
than 3%/3 mm should be used clinically [14]. 

As previously mentioned, several studies have recently 
been performed that investigated patient-specific VMAT 
QA for conventional fractionated radiation therapy 
[14-16]. However, thus far no study has been performed 
to investigate VMAT QA results for stereotactic body ra- 
diation therapy (SBRT) in connection with high-definition 
MLC (HD-MLC) positioning errors in TrueBeam STx 
(version 1.6, Varian Medical Systems, Palo Alto, CA, USA) 
while using flattening filter free (FFF) mode. LoSasso et al 
have demonstrated that dose error is inversely propor- 
tional to the mean MLC gap [17]. The same magnitudes 
of errors introduced in MLCs might affect the dose distri- 
bution of SBRT differently than that of conventional 
radiotherapy since an indication for SBRT is generally a 
small localized tumor [18]. Thus, the criterion of 2%/ 
2 mm suggested by the recent studies for patient-specific 
VMAT QA is already widely-adopted for SBRT VMAT 
QA in many institutions [18]. 

In this study, we investigated the sensitivity of the 
gamma-index method with various gamma criteria by 
introducing intentional HD-MLC misalignments for 
SBRT in the FFF mode. The clinical relevance was evalu- 
ated by analysing changes in the dose volume histograms 
(DVH) of each structure. 

Methods 

Patient selection and simulation 

After approval from an institutional review board (IRB, 
Seoul National University Hospital Human Research Pro- 
tection Program Center), a total of 20 patients who under- 
went SBRT for either lung cancer (10 patients) or 
localized spine metastasis (10 patients) were selected for 
this study. All patients underwent CT scans using a Bril- 
liance CT Big Bore™ (Philips, Amsterdam, Netherlands). 
The slice thicknesses of CT images for patients with lung 
cancer, and for localized spine metastasis were 2 mm and 
1.5 mm, respectively. Four-dimensional CT images were 
acquired to allow delineation of internal target volume 
(ITV) for lung SBRT. 

Treatment planning of VMAT for SBRT 

The VMAT plans for SBRT were generated using Eclipse™ 
(Varian Medical Systems, Palo Alto, USA) with 6 MV FFF 
photon beams for lung SBRT and 10 MV FFF photon 
beams for spine SBRT. TrueBeam STx with HD-MLC was 
used for the SBRT planning. Optimizations were performed 
with a progressive resolution optimizer 3 (PR03, version 
A10) algorithm and dose distributions were calculated 
using the anisotropic analytic algorithm (AAA, version 
A10) with a calculation grid of 1 mm for the lung SBRT 
and 2 mm for the spine SBRT. The prescribed dose for lung 



SBRT was 48 Gy (12 Gy/fraction) with the exception of 2 
cases where prescribed doses were 54 Gy and 60 Gy 
(13.5 Gy/fraction and 15 Gy/fraction). For spine SBRT, 
there were various prescribed doses ranging from 14 Gy to 
30 Gy in 1 to 3 fractions. Single arc with full or partial rota- 
tion of the gantry was used for lung SBRT, while either sin- 
gle or two arcs were used for spine SBRT. The average 
value of monitor units (MUs) per cGy for the lung SBRT 
plans was 2.54, while that of the spine SBRT plans was 
2.68. For lung SBRT plans at least 95% of the prescribed 
dose was delivered to 100% of the target volume, while for 
spine SBRT plans 100% of the prescribed dose was deliv- 
ered to at least 90% of the target volume. 

Simulation of MLC misalignments in VMAT plans for SBRT 

The original VMAT plans were exported from the TPS in 
DICOM format and then imported into an in-house 
program written in Matlab (version 8.1, Mathworks Inc., 
Natick, MA, USA), which allowed modification of the 
MLC movement. Three types of MLC misalignments were 
introduced to each VMAT plan (Figure 1). The first type, 
named Class Out, was a simulation where both MLCs 
were opened by 0.25 mm, 0.5 mm, 1 mm and 2 mm in an 
isoplane leading to larger openings of MLC apertures. The 
second type, Class In, was a simulation where both MLCs 
were closed by 0.25 mm, 0.5 mm, 1 mm and 2 mm lead- 
ing to smaller openings of MLC apertures. The third type, 
Class Shifty was intended to simulate the effect of gravita- 
tional forces on MLCs. Both MLC banks were shifted in 
the same direction towards the ground with respect to the 
gantry angle by 1 mm, 2 mm and 3 mm. For each patient, 
11 modified plans and 1 original plan were generated (12 
plans per patient). 

To eliminate the effect of the jaw tracking function of 
TrueBeam STx on dose distributions, the positions of the 
jaws were set to be identical for all the modified and ori- 
ginal plans. Since the minimum dynamic leaf gap is fixed at 
0.5 mm by the manufacturer, if the results of the modifica- 
tion for the Class In error were less than 0.5 mm, they were 
set to be 0.5 mm. Even though the manufacturer of the 
HD-MLC specifies that the positioning accuracy in terms 
of end accuracy is 1 mm, we introduced MLC errors of up 
to 2 mm for both Class In and Class Out because the value 
of dynamic leaf tolerance was set to be 2 mm in our institu- 
tion, following recommendations from LoSasso et al [17]. 
For Class Shift, MLC errors of up to 3 mm were simulated 
in order to consider not only the MLC positioning errors, 
but also the MLC bank positioning errors due to gravita- 
tional force. The modified plans were imported back to the 
TPS and dose distributions were calculated with each pa- 
tients CT image sets using a calculation grid of 1 mm. The 
changes in DVHs of each structure in the modified plans 
were reviewed by radiation oncologists to determine if the 
changed DVHs were clinically acceptable or not. 
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(a) Class Out (opening of MLCs) (b) Class In (closing of MLCs) 



(c) Class Shift (From 1 80° to 0° of gantry angle (d) Class Shift (From 0° to 1 80° of gantry angle 

during counterclockwise rotation) during counterclockwise rotation) 

Figure 1 Three types of MLC misalignments introduced to each SBRT plan delivered with VMAT technique. The first type named as Class 
Out was a simulation that both multi-leaf collimators (MLCs) were opened (a) while the second type named as Class In was a simulation that 
both MLCs were closed (b). The third type named as Class Shift was a simulation that both MLC banks were shifted in the same direction toward 
ground. MLC misalignments of Class Shift during gantry rotation from 180° to 0° (c) and from 0° to 180° (d) in the IEC scale are shown. 



Dose distribution measurements of VMAT plans for SBRT 

The planar dose distributions of each plan were measured 
with a MapCHECK2 detector array (Sun Nuclear Corpor- 
ation, Melbourne, FL, USA) and EBT2 film (Ashland Inc., 
Covington, KY, USA). For gamma evaluations with Map- 
CHECK2, CT images of the MapCHECK2 detector array 
inserted into a MapPHAN (Sun Nuclear Corporation, 
Melbourne, FL, USA) were acquired with a slice thickness 
of 1 mm. The reference dose distributions of each original 
VMAT plan were calculated using those CT images with a 
calculation grid of 1 mm which is the finest resolution in 
Eclipse™. Similarly, for gamma evaluations with EBT2 films, 
CT images of a solid water phantom (Gammex, Middleton, 
WI, USA) with a slice thickness of 1 mm were acquired 
and the reference dose distributions were calculated using 
those CT images with a calculation grid of 1 mm (30 cm x 
30 cmxlO cm) [2], The original and modified VMAT 
plans were delivered by TrueBeam STx which was cali- 
brated before delivery to keep the output deviation less 
than 0.1% following the AAPM TG-51 protocol [19], The 
absolute dose and the responses of MapCHECK2 and 
EBT2 films were also calibrated before measurements. The 
size of the EBT2 film was 8x8 cm 2 for the lung QA, and 
12 x 12 cm 2 for the spine QA. The EBT2 film was placed 
between two pieces of solid water phantom at 5 cm depth 
and the isocenter was located at the center of the phantom. 
Film dosimetry carefully followed the self-developing pro- 
cedure recommended by manufacturer. Three separate 



batches of EBT2 film were used for the measurements to 
avoid the inter-batch response variation of EBT2 films. The 
films from each batch-numbered packet were used for each 
calibration. The EBT2 films were scanned 20 hours after ir- 
radiation using a flatbed scanner (Epson 10000XL, Epson 
Canada Ltd., Toronto, Ontario, Canada) in 48 bit color 
mode (i.e., RGB mode). The practical spatial resolution of 
the scans was 75 dpi. The dual channel method for red and 
blue correction and scanner uniformity correction was ap- 
plied for calibration. The calibration curve was acquired in 
the range of 0 to 26 Gy. The measured values of optical 
density were converted into a dose map using the RIT 113 
film dosimetry system (version 6.0, Radiological Imaging 
Technology Inc., Colorado Springs, CO, USA). The calcu- 
lated and measured dose distributions were also compared 
using the RIT 113 software. The calculated dose distribu- 
tions were registered to the measured dose distributions 
with best fit method. For each patient a rectangular region 
of interest (ROI) was defined which covered not only the 
target area, but also the area below 10% of the maximum 
dose. 

In the case of MapCHECK2, SNC patient software 
(version 6.1.2, Sun Nuclear Corporation, Melbourne, FL, 
USA) was used for analysis of the measurements. The 
calculated dose distributions with TPS were registered to 
the measured dose distributions by matching isocenter 
of the calculated dose distributions to the origin of the 
measured dose distributions. 
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Data analysis 

The absolute gamma analyses were performed using mea- 
surements from both MapCHECK2 and EBT2 films. The 
global gamma-index was used and the points with doses 
less than 10% of the maximum dose were ignored to reduce 
the effect of noise [20,21]. The gamma criteria of 1%/1 mm, 
1.596/1.5 mm, l%/2 mm, 2%/l mm and 2%/2 mm were 
used and the passing rates of each criterion vs. magnitudes 
of MLC misalignments were evaluated. Since various 
gamma criteria were tested in the present study, the passing 
rate was fixed to allow for direct comparisons to be made. 
The tolerance level of the passing rate was set to be 90% 
which is used in our institution as well as generally cited in 
the literature [22]. Linear regressions were used to find the 
lines of best fit for the results of the gamma passing rates 
vs. MLC misalignments. The gradients of the lines of best 
fit were compared one another to evaluate the sensitivity of 
each gamma criterion. The DVHs of the original VMAT 
plans were compared to those of the modified VMAT plans 
to investigate the effects of MLC misalignment on dose dis- 
tributions. The changes in DVHs according to both type 
and magnitude of MLC misalignments were each reviewed 
by a radiation oncologist whose specialty is lung and spine 



SBRT. Clinically tolerable magnitudes of MLC misalign- 
ments were then determined for each type of MLC mis- 
alignment. The correlations between gamma passing rates 
of each criterion and the dose-volumetric changes in the 
target volume were investigated using Spearman's rank cor- 
relation coefficient (y). With a passing rate of 90% as a tol- 
erance level, the receiver operating characteristic (ROC) 
curves and the values of area under curve (AUC) were ac- 
quired for each tested gamma criterion. 



Results 

Passing rates of gamma-index method with various 
gamma criteria with respect to the magnitudes of MLC 
misalignments 

The relationships between the absolute gamma passing 
rates vs. MLC misalignments of Class Out, Class In and 
Class Shift with various criteria using MapCHECK2 and 
EBT2 films are illustrated in Figure 2. The gradients ac- 
quired from the lines of best fit of the passing rates with 
respect to the magnitudes of MLC misalignments are 
shown in Table 1. Higher absolute values of the gradient 
indicate higher sensitivity of gamma evaluation, thus the 
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Figure 2 Decreases of the absolute gamma passing rates according to the magnitudes of MLC misalignments. The results at Class Out, 
Class In and Class Shift using MapCHECK2 in lung stereotactic body radiation therapy (SBRT) plans are shown in (a), (e) and (i) while those in 
spine plans are shown in (b), (f) and (j), respectively. The results at Class Out, Class In and Class Shift using EBT2 films in lung SBRT plans are 
shown in (c), (g) and (k) while those in spine plans are shown in (d), (h) and (I), respectively. 
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Table 1 Gradients of best-fitting lines by linear regression of the absolute passing rates vs. MLC misalignments 



1%/1 mm 1 .5%/1 .5 mm 1%/2 mm 2%/1 mm 2%/2 mm 









Class Out (mm/%) 








MapCHECK2 


Lung 


-37.7 


-29.8 


-30.3 


-32.4 


-15.5 




Spine 


-41.5 


-16.0 


-22.6 


-27.8 


-5.1 


EBT2 


Lung 


-31.6 


-36.5 


-30.8 


-39.5 


-26.3 




Spine 


-28.0 


-34.2 


-30.9 


-35.4 


-29.5 








Class In (mm/%) 








MapCHECK2 


Lung 


-37.9 


-26.5 


-24.3 


-33.1 


-10.9 




Spine 


-41.1 


-24.4 


-20.4 


-35.4 


-12.6 


EBT2 


Lung 


-30.5 


-36.2 


-32.6 


-38.0 


-30.1 




Spine 


-28.3 


-31.4 


-28.2 


-33.6 


-25.8 








Class Shift (mm/%) 








MapCHECK2 


Lung 


-12.4 


-9.6 


-7.9 


-11.3 


-5.2 




Spine 


-8.3 


-3.9 


-3.4 


-5.9 


-2.5 


EBT2 


Lung 


-9.4 


-8.4 


-6.6 


-11.0 


-5.8 




Spine 


-7.5 


-7.1 


-6.0 


-8.3 


-5.2 



Abbreviation: MLC multi-leaf collimator A higher absolute gradient means the test criteria are more sensitive to detect MLC misalignments. 



most sensitive criterion from the MapCHECK2 results 
was 1%/1 mm, and 2%/l mm from EBT2 film. 

For the MapCHECK2 results, the passing rates of the 
original plan with the criterion of 1%/1 mm were less 
than 90%. If a passing rate of 80% was applied as a toler- 
ance level for 1%/1 mm criterion, MLC misalignments 
of 0.5 mm or less for Class In and Class Out, and 2 mm 
or less for Class Shift were not detectable. On the other 
hand, 2%/l mm, which was the second most sensitive 
criterion with MapCHECK2, was able to detect 0.5 mm 
MLC misalignments for Class In and Class Out, and 

1 mm for Class Shift with a passing rate of 90%. Gamma 
evaluations with the criteria of 1.596/1.5 mm and 1%/ 

2 mm were not sensitive enough to detect MLC mis- 
alignment up to 0.5 mm for Class In and Class Out, or 
up to 1 mm for Class Shift. The criterion of 2%/2 mm 
was the least sensitive. 

The passing rates of EBT2 films were much lower than 
those of MapCHECK2. With the exception of the 2%/ 
2 mm criterion, no criterion satisfied the passing rate of 
90%. Therefore, a new tolerance level lower than 90% 
should be established for use of EBT2 films for VMAT. 
The most sensitive gamma criterion with EBT2 film was 
2%/l mm and it was able to detect MLC misalignment 
of 0.5 mm for Class In and Class Out, and 1 mm for 
Class shift with a passing rate of 80% as a tolerance level, 
showing the same performance as 2%/l mm in the Map- 
CHECK2 results. 

The sensitivities of the gamma-index method with 
MapCHECK2 were higher in the lung plans than in the 
spine plans at all gamma criteria except 1%/1 mm for 
Class Out and 1%/1 mm, 2%/l mm and 2%/2 mm for 



Class In. In the case of EBT2 films, the sensitivities in 
lung plans were higher than those in the spine plans in 
all cases except l%/2 mm and 2%/2 mm for Class Out. 
For Class Shift, the sensitivities in the lung plans were 
always higher than those in the spine plans at all criteria 
with both MapCHECK2 and EBT2 films. 

Dose-volumetric changes with respect to the magnitudes 
of MLC misalignments for lung SBRT plans 

The percent differences of dose-volumetric indicators 
with respect to the magnitudes of MLC misalignments 
in lung SBRT for Class Out, Class In and Class Shift are 
shown in Table 2 [23]. Since the kind of OARs which 
should be considered was different for each SBRT plan 
according to the tumor location, the evaluated numbers 
of plans (AO were not always same. The percent differ- 
ence was calculated as 

_ , „„ Values of Modified plan-Values of original plan 

%diff = 100 x — — . - 

Value or original plan 

In the case of Class Out, the doses delivered to both 
the target and the OARs were larger than those of the 
original plan since the sizes of MLC apertures were in- 
creased. Compared to the original plan, with a 0.5 mm 
MLC misalignment the averaged value of the normal 
lung volume that was irradiated by a dose larger than 
12.4 Gy and 11.6 Gy was increased by 33.1% and 9.3%, 
respectively. With a 0.5 mm MLC misalignment, the av- 
eraged value of the maximum dose delivered to the 
spinal cord and heart was increased by 3.5% and 5.4%, 
respectively. In the case of Class In, the dose delivered 



Table 2 The changes of dose-volumetric indicators according to the magnitudes of MLC misalignments in lung SBRT plans 



Percent differences compared to the original plan (%) 



MLC error (mm) 


Class 




Target 










Organs at risk 












^90% 


D 95 % 


Mean 


Trachea Max 


SC Max 


Rib Max 


Lung V 12 .4Gy 


Lung Vn. 6Gy 


Heart Max 


Esophagus Max 


N 




10 


10 


10 


7 


10 


9 


10 


10 


10 


10 


0.25 


Out 


1.2± 1.3 


1 .9 ± 0.9 


1 .5 ± 0.6 


2.5 ± 1 .5 


1.7 ±0.7 


2.3 ± 1 .0 


16.7 ±12.0 


-1.1 ±31.2 


2.8 ± 1 .2 


2.4 ± 0.8 




In 


-1.7 ± 1.5 


-1.9 ±0.9 


-1.5 ±0.6 


-2.9 ± 1 .7 


-1.7 ±0.6 


-1.8 ±1.0 


-18.1 ±15.7 


-8.9 ± 4.4 


-2.2 ± 1 .0 


-2.3 ± 0.8 


0.5 


Out 


2.0 ± 2.4 


3.8 ±1.7 


3.1 ±1.3 


5.4 ±3.1 


3.5 ±1.1 


4.4 ± 1 .9 


33.1 ±22.8 


9.3 ± 35.5 


5.4 ±2.2 


4.8 ± 1 .7 




In 


-4.0 ±3.1 


-3.9 ± 1 .6 


-3.1 ±1.2 


-5.6 ±3.0 


-12.2 ±27.4 


-4.0 ± 1 .9 


-33.6 ± 25.3 


-17.9 ±8.8 


-5.0 ± 1.8 


-4.5 ± 1.5 


1 


Out 


2.7 ± 3.4 


6.6 ± 2.9 


5.6 ±2.3 


9.1 ±5.7 


6.1 ±1.6 


7.6 ± 3.2 


40.1 ±56.1 


21.3 ±40.7 


9.4 ±4.0 


7.9 ± 2.9 




In 


-10.1 ±6.4 


-7.1 ±2.8 


-5.6 ±2.2 


-9.1 ±5.1 


-5.8 ±1.3 


-7.0 ±3.2 


-50.3 ± 29.6 


-32.8 ±16.8 


-8.5 ±3.1 


-7.5 ± 2.8 




Shift 


-0.4 ± 1 .8 


-1.3 ±2.2 


0.1 ±0.6 


-1.3 ±4.1 


0.4 ± 1 .4 


0.9 ± 1 .5 


1.3 ±5.6 


-0.5 ± 2.0 


0.1 ±2.0 


-2.0 ± 6.0 


2 


Out 


3.4 ±4.6 


12.3 ±5.4 


10.9 ±4.5 


17.8 ±11.1 


12.5 ±3.0 


15.8 ±7.9 


85.6 ± 86.9 


49.8 ± 54.7 


19.0 ±8.1 


15.6 ±5.6 




In 


-40.0 ± 19.2 


-15.1 ±5.6 


-11.5 ±4.4 


-17.2 ±9.0 


-11.8 ±2.7 


-13.8 ±6.3 


-68.8 ±35.1 


-62.0 ± 30.6 


-17.5 ±6.5 


-14.7 ±4.9 




Shift 


-2.4 ± 3.4 


-3.0 ±3.3 


-0.1 ±1.1 


-2.1 ±6.5 


0.7 ± 2.6 


2.5 ± 3.7 


2.8 ± 9.5 


-2.8 ±5.5 


0.1 ±4.3 


-0.7 ± 1.7 


3 


Shift 


-6.9 ±5.4 


-6.8 ±5.6 


-1.1 ±1.8 


-3.1 ±8.7 


1 .4 ± 4.4 


5.1 ±6.0 


1.1 ±12.8 


-5.4 ±7.0 


0.4 ± 7.2 


-1.2 ±2.5 



Abbreviations: MLC multi-leaf collimator, SBRT stereotactic body radiation therapy, V n% the volume irradiated at least n% of prescribed dose, Max maximum dose, D n96 the dose received by the n% volume of the 
structure volume, SC spinal cord, N number of plans. 



Kim et al. Radiation Oncology 2014, 9:167 
http://www.ro-journal.eom/content/9/1 /1 67 



Page 7 of 1 2 



to both the target and the OARs were smaller than those 
of the original plan since the sizes of MLC apertures 
were reduced. By introducing MLC errors of 0.5 mm, 
the averaged values of V 90 o /o , D 95 o /o and mean dose to tar- 
get were decreased by 4%, 3.9% and 3.1%, respectively. 
In the case of Class Shift, the values of V 90 o /o and D 95 o /o 
for the target were decreased. By introducing MLC er- 
rors of 3 mm, the averaged values of V 90 o /o and D 95 o /o for 
the target were decreased by 6.9% and 6.8%, respectively 
and the averaged value of maximum dose delivered to 
the ribs was increased by 5.1%. A radiation oncologist 
whose specialty is lung SBRT comprehensively reviewed 
the changed DVHs and concluded that 0.25 mm MLC 
misalignment in the case of Class In and Class Out, and 

1 mm misalignment for Class Shift were clinically 
tolerable. 

Dose-volumetric changes with respect to the magnitudes 
of MLC misalignments for spine SBRT plans 

The percent differences of dose-volumetric indicators 
with respect to the magnitudes of MLC misalignments 
in spine SBRT for Class Out, Class In and Class Shift are 
shown in Table 3. Since the kind of OARs which should 
be considered was different for each SBRT plan accord- 
ing to the tumor location, the evaluated numbers of 
plans (A/) were not always same. In Class Out, by intro- 
ducing MLC errors of 0.5 mm, the averaged value of 
VioGy of spinal cord was increased by 58.9% (N= 3). The 
averaged value of maximum dose delivered to the 
esophagus was increased by 10.3% (N=2). In the case of 
Class In, with MLC errors of 0.5 mm, the averaged 
values of V 10 o% and D 95 o /o of the target were decreased by 
15% and 4.1%, respectively (N=8 and N=10). In the 
case of Class Shift, the value of V 10 o% of the target was 
decreased by 5.4% (N= 8) when introducing MLC errors 
of 3 mm. With MLC errors of 1 mm, the averaged 
values of V 10 G y of spinal cord (N = 3), V 14Gy of cauda 
equina (N=l) and the maximum dose to brain stem (N 
= 1) were increased by 36.8%, 123.9% and 11.8%, respect- 
ively. A radiation oncologist whose specialty is spine 
SBRT comprehensively reviewed the changed DVHs and 
concluded that 0.25 mm MLC misalignment in the case 
of Class In and Class Out, and 1 mm misalignment for 
Class Shift were clinically tolerable. 

An extreme example of the DVH changes of a lung 
and spine SBRT plan by the introduction of the max- 
imum MLC misalignments in this study is shown in 
Figure 3. 

Ability of gamma criteria to detect the dose-volumetric 
changes in lung SBRT plans 

The gamma criteria of 1.596/1.5 mm, l%/2 mm and 2%/ 

2 mm with 90% passing rate were unable to detect in- 
creases of 33.1% and 9.3% of extra lung volume 



irradiated to at least 12.4 Gy and 11.6 Gy, respectively. 
These criteria were also unable to detect an increase in 
the maximum delivered dose to the trachea, spinal cord 
and ribs by amounts of 5.4%, 3.5% and 4.4%, respect- 
ively. Furthermore, decreases in V 90 o /o and D 95 o /o for the 
target volume of 4% and 3.9% were not detected with 
those gamma criteria. On the other hand, the gamma 
criteria of 1%/1 mm and 296/1 mm were able to detect 
the dose-volumetric changes previously mentioned. 

Ability of gamma criteria to detect the dose-volumetric 
changes in spine SBRT plans 

The gamma criteria of 1.5%/1.5 mm, l%/2 mm and 2%/ 
2 mm with 90% passing rate were unable to detect in- 
creases of 58.9% and 356.3% in the V 10Gy of the spinal 
cord and the Vi 4Gy of the cauda equina, respectively. 
These criteria were also unable to detect an increase in 
the maximum delivered dose to the esophagus, brain- 
stem and bowel by amounts of 10.3%, 12.1% and 2.7%, 
respectively. Furthermore, decreases in V 10 o% and D 95 o /o 
for the target volume of 15% and 4.1% were not detected 
with those criteria. On the other hand, the gamma cri- 
teria of 1%/1 mm and 296/1 mm were able to detect the 
dose-volumetric changes previously mentioned. 

Correlations between dose-volumetric changes and 
gamma passing rates 

No correlations were observed between dose-volumetric 
changes and gamma passing rates using either Map- 
CHECK2 or EBT2 films with every criterion in both 
lung and spine SBRT plans (always y < 0.4). 

Sensitivity and specificity 

The ROC curves and the values of AUC are shown in 
Figure 4 and Table 4, respectively. Since we determined 
that clinically perturbed dose distributions appear from 
0.5 mm MLC misalignments in Class In and Class Out 
and at 2 mm in Class shift, only those data are pre- 
sented. In the case of MapCHECK2, 196/1 mm showed 
the best performance in Class Out, and showed the 
worst performance in Class Shift, The gamma criterion 
of 1.5%/ 1.5 mm showed the best performance in Class 
Shift. The criterion of 296/1 mm showed the best per- 
formance in Class In and the second best performance 
in Class Shift. In the case of EBT2 film, 296/1 mm 
showed the best performance and 196/1 mm showed the 
second best performance in Class In and Class Shift. For 
Class Out, 196/1 mm showed the best performance and 
296/1 mm showed the second best performance. 

Discussion 

In this study, the gamma- index method criterion for 
SBRT VMAT plans that could achieve greater than 90% 
passing rates in original error free plans, while showing 



Table 3 The changes of dose-volumetric indicators according to the magnitudes of MLC misalignments in spine SBRT plans 



Percent differences compared to the original plan (%) 



MLC error (mm) 
N 


Class 




Target 












Organs at risk 






Vioo% 
8 


^95% 

10 


Mean 
10 


sc V 10Gy 
3 


Esophagus Max 
2 


Cauda equina V 14Gy 
1 


Brainstem Max 
1 


Bowel Max 
5 


0.25 


Out 


5.1 ±2.2 


2.4 ± 1 .2 


1.6 ±0.7 


28.5 ± 


9.2 


4.0 ± 


1.0 


133 


7.4 


1 .4 ± 0.3 




In 


-6.6 ± 4.8 


-1.9 ±1.2 


-1.6 ±0.7 


-22.9: 


fc3.7 


-5.5 ± 


:3.2 


-45.9 


-1.9 


-1.3 ±0.4 


0.5 


Out 


10.0 ±5.1 


4.5 ± 2.2 


3.1 ±1.4 


58.9 ± 


13.4 


10.3 ± 


5.3 


356.3 


12.1 


2.7 ±0.7 




In 


-15.0 ±7.7 


-4.1 ±2.3 


-3.2 ± 1 .4 


-44.7 : 


fc6.8 


-10.9: 


t7.0 


-70.5 


-7.4 


-2.7 ± 0.7 


1 


Out 


16.7 ±9.3 


7.2 ± 3.6 


5.6 ±2.5 


113.9± 


28.3 


20.5 ± 


12.2 


610.6 


19.5 


4.8 ± 1 .3 




In 


-32.2 ±13.6 


-7.7 ±4.0 


-5.8 ±2.6 


-71.7: 


t7.4 


-19.0 ± 


: 11.5 


-91.8 


-14.8 


-4.8 ± 1.3 




Shift 


0.2 ± 1 .5 


1.1 ±1.2 


0.2 ± 0.3 


36.8 ± 


18.7 


-9.6 ± 


11.3 


123.9 


11.8 


-2.4 ± 1.5 


2 


Out 


28.5 ± 18.2 


13.3 ±6.4 


10.9 ±5.0 


244.4 ± 


41.9 


45.0 ± 


30.0 


910.4 


36.8 


10.3 ±1.8 




In 


-65.5 ± 22.5 


-16.6 ±8.3 


-11.8 ±5.2 


-98 ± 


1.9 


-33.8 ± 


: 18.0 


-100 


-30.1 


-9.3 ± 2.5 




Shift 


-2.3 ± 2.8 


-0.2 ± 1 .9 


-0.1 ±0.7 


66.4 ± 


16.3 


-15.2 ± 


: 16.9 


346.1 


19.9 


-4.3 ± 1.9 


3 


Shift 


-5.4 ±5.3 


-3.3 ±3.7 


-0.8 ±1.1 


1 09.3 ± 


:23.5 


-19.6 ± 


:20.0 


628.3 


27.6 


-5.3 ± 2.5 



Abbreviations: MLC multi-leaf collimator, SBRT stereotactic body radiation therapy, V n% the volume irradiated at least n% of prescribed dose, SC spinal cord, Max maximum dose, D n% the dose received by the n% volume of the 
structure volume, N number of plans. 
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Figure 3 Variation of dose volume histograms (DVH) due to the MLC misalignments. Dose volume histograms (DVH) of a lung stereotactic 
body radiation therapy (SBRT) plan (a) and a spine SBRT plan (b) are shown. The DVHs from the original plan and the plans with multi-leaf 
collimator (MLC) misalignments of Class Out, Class In and Class Shift are shown. At Class Out and Class In, MLC misalignments of 2 mm were 
introduced while 3 mm errors were introduced at Class Shift. 



less than 90% passing rates in modified plans with MLC 
misalignments were investigated. Dose-volumetric changes 
were reviewed by a radiation oncologist from a clinical 
point of view and it was determined that Class In and Class 
Out modified plans with a 0.5 mm MLC misalignment, and 
Class Shift with a 2 mm misalignment were clinically un- 
acceptable. In order to detect those MLC misalignments, 
the criterion of 2% II mm with 90% passing rate as a toler- 
ance level seemed to satisfy the requirements mentioned 
above for MapCHECK2. The EBT2 films could satisfy the 
requirements when using gamma criterion of 2%/l mm 
with a passing rate of 80%. The conventional 2%/2 mm cri- 
terion, widely-adopted in the clinic for SBRT plans, was not 
sensitive enough to detect MLC misalignments which may 
potentially impair the quality of treatment. 

The most stringent criterion in this study, 1%/1 mm, 
seemed inappropriate since the original plan already failed, 
with passing rates less than the required 90%. In spite of 
the careful calibration of measuring devices as well as the 
institutional validation of TrueBeam STx and TPS before 
measurements, inherent uncertainties still existed in the 
original plans. Furthermore, setup uncertainties were also 
included in the results. Since these uncertainties could not 
be completely removed practically, when applying the cri- 
terion of 1%/1 mm, they may have influenced the gamma 
passing rates which were less than 90%. On the other 
hand, Poppe et al demonstrated that statistical fluctua- 
tions and systematic errors are dominant when using 1%/ 
1 mm criteria [24]. Similarly, Heilemann et al didnt rec- 
ommend to use 1%/1 mm criteria [13]. Therefore, in order 
to use the criterion of 1%/1 mm, a careful approach is 



necessary and a different tolerance level should be estab- 
lished instead of 90%, as used in this study. 

In the case of EBT2 film, in spite of excellent spatial reso- 
lution, the inherent uncertainty (approximately ±5%) is lar- 
ger than the MapCHECK2 uncertainty [25,26]. The highest 
gamma criterion for dose used in this study was 1%, which 
was much lower than the uncertainty of EBT2 film. For this 
reason, the passing rates of the majority of the original 
plans were lower than 90% which is used as a tolerance 
level in the present study. In addition, the film to the calcu- 
lated dose distribution registration in RIT113 program was 
done by fitting the gradients automatically resulting best 
match between the calculated and measured dose distribu- 
tions. Therefore, 2D gamma analysis using EBT2 film was 
only an analysis of the dose distribution not of the overall 
accuracy of the system. However, the detecting ability of 
EBT2 film was found to be similar to MapCHECK2 as 
shown in Table 1. Moreover, gamma criterion of 2%/l mm 
with a passing rate of 80% when using EBT2 film showed 
similar performance with that of 2%/l mm with a passing 
rate of 90% when using MapCHECK2. 

The sensitivities of gamma-index method to the MLC 
misalignments with various criteria were generally 
higher in the lung SBRT plans than spine SBRT plans. 
As previously studied by LoSasso et al [17], since the 
lung target volumes were generally smaller than the 
spine target volumes, the sensitivity to the MLC mis- 
alignments was higher in the lung plans, in accordance 
with previous studies [13,17]. However, the magnitudes 
of the differences were smaller than those of previous 
studies since the differences in target volume between 
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Figure 4 Receiver operating characteristic curve of various gamma criteria when using MapCHECK2 and EBT2 film. Receiver operating 
characteristic (ROC) curves of gamma criteria of 1%/1 mm, 1 .596/1 .5 mm, 1%/2 mm, 2%/1 mm and 2%/2 mm are shown. The ROC curves of 
0.5 mm MLC misalignment at Class Out (a), Class In (c) and 2 mm MLC misalignment at Class Shift (e) when using MapCHECK2 are shown. 
Similarly, 0.5 mm MLC misalignment at Class Out (b), Class In (d) and 2 mm MLC misalignment at Class Shift (f) when using EBT2 films 
are shown. 



the lung and the spine SBRT plans relatively small com- 
pared to the previous studies [13,15]. 

Wagner and Vorwerk have suggested an increase of 
the tolerance level to up to 99% with conventional cri- 
terion instead of altering the criterion for the sensitive 
gamma-index method [9]. However, the results in this 
study show that increasing the tolerance level would not 



guarantee detection of small misalignments of the MLC. 
Similarly, Heilemann et al demonstrated that the use of 
more stringent criterion rather than an increase of toler- 
ance level would be beneficial [13]. 

No correlations between gamma passing rates and dose- 
volumetric changes were observed as previous studies have 
already shown in IMRT and VMAT cases [13,15,27,28]. 
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Table 4 Area under curve (AUC) values for each gamma criterion when introducing 0.5 mm MLC misalignment in class 
in and class out and 2 mm MLC misalignment in class shift 



Gamma criterion 

1%/1 mm 
1.5%/1.5 mm 
1%/2 mm 
2%/1 mm 
2%/2 mm 



Class In (0.5 mm) 

0.909 
0.920 
0.843 
0.930 
0.883 



MapCHECK2 
Class Out (0.5 mm) 

0.899 
0.873 
0.890 
0.848 
0.719 



Class Shift (2 mm) 

0.935 
0.974 
0.954 
0.968 
0.958 



Class In (0.5 mm) 

0.853 
0.788 
0.758 
0.865 
0.783 



EBT2 film 
Class Out (0.5 mm) 

0.933 
0.858 
0.813 
0.925 
0.824 



Class Shift (2 mm) 

0.905 
0.89 
0.805 
0.933 
0.873 



Therefore, even though gamma-index is a convenient indi- 
cator for evaluation of patient-specific QA results, careful 
analysis of dose distributions should be completed by visual 
inspection by the physicist and clinician. 

The results of the ROC curves and the values of AUC 
did not indicate a single gamma criterion as the ideal cri- 
terion in terms of sensitivity and specificity when clinically 
perturbed dose distributions began to appear in Class In, 
Class Out and Class Shift errors. The criterion of 2%/ 
1 mm showed generally superior performance to the 
others when using both MapCHECK2 and EBT2 film al- 
though it was not always the best 

The results showed that small amounts of introduced 
MLC misalignments, even within the 1 mm specified by 
the manufacturer, hampered the plan quality severely. 
This is because the introduced MLC misalignments were 
systematic errors and not random errors. Entire MLCs 
were shifted in the present study, however this is not ne- 
cessarily a realistic situation. Since the aim of this study 
is to investigate the ability of various gamma criteria to 
detect clinically unacceptable SBRT plans, and not to 
simulate real situations, we introduced systematic MLC 
misalignments which decreases plan quality. 

In the present study, we adopted the global gamma- 
index method which is limited in its ability to review low 
dose regions. This limitation can potentially lead to misin- 
terpretation of the delivered dose to OARs. Therefore, in 
the present study, radiation oncologists reviewed the 
changes in DVHs of modified plans and determined how 
much systematic MLC misalignment is clinically tolerable. 
As recommended by Heilemann et al, gamma passing 
rates are a good indicator for making a preliminary 
decision, however physicists have to evaluate the dose dis- 
tribution carefully especially when using global gamma- 
index method. 

One limitation of the present study is that the mea- 
sured data were acquired with only MapCHECK2 and 
EBT2 films. The results in this study should not be dir- 
ectly applied to other patient-specific QA systems which 
use different measuring devices. However, we recom- 
mend that the gamma criterion of 2%/2 mm should be 
carefully examined, and alternatives considered for 
VMAT QA for SBRT. 



Heilemann et al and Fredh et al have investigated 
appropriate criterion for 2D patient-specific QA in H&N, 
brain and prostate VMAT plans [13,14]. They have demon- 
strated that 2%/2 mm is a suitable criterion for fractionated 
VMAT QA. In this study, the appropriate criterion for the 
patient-specific VMAT QA for SBRT has been investigated 
[13,14]. The main difference between the present and previ- 
ous studies is that we investigated specifically for SBRT QA 
using the VMAT technique. The SBRT plans should be de- 
livered more accurately than conventional fractionated radi- 
ation therapy [18]. Therefore the gamma evaluation for 
SBRT requires more stringent criterion, however this criter- 
ion is not yet standardized. We recommend 2%/l mm as 
an appropriate criterion for the gamma-index method for 
SBRT when using MapCHECK2 or EBT2 films. 

Conclusions 

This study demonstrated that the widely clinically adopted 
gamma criterion of 2%/2 mm for patient-specific SBRT 
QA is not sensitive enough to evaluate the quality of 
VMAT plans for SBRT. When using the gamma-index 
method for SBRT VMAT QA, an appropriate gamma cri- 
terion for each QA system, which is able to detect errors 
that hamper plan quality should be established. It is rec- 
ommended that 2%/l mm be used as a criterion with tol- 
erance levels for gamma passing rates of 90% and 80% 
when using MapCHECK2 and EBT2 films, respectively. 

Abbreviations 

VMAT: Volumetric modulated arc therapy; SBRT: Stereotactic body radiation 
therapy; QA: Quality assurance; FFF: Flattening filter free; HD-MLC: High- 
definition multi-leaf collimator; IMRT: Intensity modulated radiation therapy; 
TPS: Treatment planning system; DVH: Dose volume histograms; ITV: Internal 
target volume; PR03: Progressive resolution optimizer 3; AAA: Anisotropic 
analytic algorithm; MUs: Monitoring units. 

Competing interests 

The authors declare that they have no competing interest. 
Authors' contributions 

JIK and JMP compiled and analysed dosimetric data and drafted the 
manuscript. SYP developed the in-house software to generate the DICOM 
plan with MLC errors. SJY oversaw its completion. JHK and HJK reviewed the 
modified treatment plans and determined whether those plans were 
clinically acceptable or not. JIK and JMP conceived of the study concept, 
participated in all aspects of its design and coordination and drafted the 
manuscript. All authors read and approved the final manuscript. 



Kim et al. Radiation Oncology 2014, 9:167 
http://www.ro-journal.eom/content/9/1 /1 67 



Page 12 of 12 



Author details 

department of Radiation Oncology, Seoul National University Hospital, 
Seoul, Korea, institute of Radiation Medicine, Seoul National University 
Medical Research Center, Seoul, Korea, biomedical Research Institute, Seoul 
National University College of Medicine, Seoul, Korea. 4 Center for 
Convergence Research on Robotics, Advance Institutes of Convergence 
Technology, Suwon, Korea. 5 lnterdiciplinary Program in Radiation Applied 
Life Science, Seoul National University College of Medicine, Seoul, Korea, 
department of Radiation Oncology, Seoul National University College of 
Medicine, Seoul, Korea. 7 Program in Biomedical Radiation Sciences, 
Department of Transdisciplinary Studies, Seoul National University Graduate 
School of Convergence Science and Technology, Seoul, Korea. 

Received: 20 December 2013 Accepted: 21 July 2014 
Published: 28 July 2014 



References 

1. Ezzell GA, Galvin JM, Low D, Palta JR, Rosen I, Sharpe MB, Xia P, Xiao Y, Xing 
L, Yu CX: Guidance document on delivery, treatment planning, and 
clinical implementation of IMRT: report of the IMRT Subcommittee of 
the AAPM Radiation Therapy Committee. Med Phys 2003, 30:2089-21 15. 

2. Low DA, Harms WB, Mutic S, Purdy JA: A technique for the quantitative 
evaluation of dose distributions. Med Phys 1998, 25:656-661. 

3. Ezzell GA, Burmeister JW, Dogan N, LoSasso TJ, Mechalakos JG, Mihailidis D, 
Molineu A, Palta JR, Ramsey CR, Salter BJ, Shi J, Xia P, Yue NJ, Xiao Y: IMRT 
commissioning: multiple institution planning and dosimetry 
comparisons, a report from AAPM Task Group 119. Med Phys 2009, 
36:5359-5373. 

4. Both S, Alecu IM, Stan AR, Alecu M, Gura A, Hansen JM, Alecu R: A study to 
establish reasonable action limits for patient-specific quality assurance in 
intensity-modulated radiation therapy. J Appl Clinl Med Phys 2007, 8:1-8. 

5. Davidson MT, Blake SJ, Batchelar DL, Cheung P, Mah K: Assessing the role 
of volumetric modulated arc therapy (VMAT) relative to IMRT and helical 
tomotherapy in the management of localized, locally advanced, and 
post-operative prostate cancer. Int J Rodiot Oncol Biol Phys 201 1, 
80:1550-1558. 

6. Quan EM, Li X, Li Y, Wang X, Kudchadker RJ, Johnson JL, Kuban DA, Lee AK, 
Zhang X: A comprehensive comparison of IMRT and VMAT plan quality 
for prostate cancer treatment. Int J Rodiot Oncol Biol Phys 201 2, 
83:1169-1178. 

7. Sung W, Park JM, Choi CH: The effect of photon energy on intensity-modulated 
radiation therapy (IMRT) plans for prostate cancer. Rodiot Oncol J 2012, 
30:27-35. 

8. Joo YK, Sung YP, Doo HL: Comparison of treatment plans with multileaf 
collimators of different leaf width. K J Med Phys 2004, 1 5:1 73-1 78. 

9. Wagner D, Vorwerk H: Two years experience with quality assurance 
protocol for patient related Rapid Arc treatment plan verification using a 
two dimensional ionization chamber array. Rodiot oncology 201 1, 6:21. 

10. Nelms BE, Zhen H, Tome WA: Per-beam, planar IMRT QA passing rates do 
not predict clinically relevant patient dose errors. Med Phys 201 1, 
38:1037-1044. 

11. Zhen H, Nelms BE, Tome WA: Moving from gamma passing rates to 
patient DVH-based QA metrics in pretreatment dose QA. Med Phys 201 1, 
38:5477-5489. 

12. Yan G, Liu C, Simon TA, Peng LC, Fox C, Li JG: On the sensitivity of patient- 
specific IMRT QA to MLC positioning errors. J Appl Clinl Med Phys 2009, 
10:2915. 

1 3. Heilemann G, Poppe B, Laub W: On the sensitivity of common gamma-index 
evaluation methods to MLC misalignments in Rapidarc quality assurance. 

Med Phys 2013, 40:031702. 

14. Fredh A, Scherman JB, Fog LS, Munck af Rosenschold P: Patient QA 
systems for rotational radiation therapy: a comparative experimental 
study with intentional errors. Med Phys 2013, 40:031716. 

15. Oliver M, Gagne I, Bush K, Zavgorodni S, Ansbacher W, Beckham W: Clinical 
significance of multi-leaf collimator positional errors for volumetric 
modulated arc therapy. Rodiother Oncol 2010, 97:554-560. 

16. Kathirvel M, Subramanian S, Clivio A, Arun G, Fogliata A, Nicolini G, 
Subramani V, Thirumalai Swamy S, Vanetti E, Thirumalai Swamy S, Vanetti E, 
Cozzi L: Critical appraisal of the accuracy of Acuros-XB and Anisotropic 
Analytical Algorithm compared to measurement and calculations with 



the compass system in the delivery of RapidArc clinical plans. 

Rodiot oncology 2013, 8:140. 

1 7. LoSasso T, Chui CS, Ling CC: Physical and dosimetric aspects of a 
multileaf collimation system used in the dynamic mode for 
implementing intensity modulated radiotherapy. Med Phys 1998, 
25:1919-1927. 

18. Benedict SH, Yenice KM, Followill D, Galvin JM, Hinson W, Kavanagh B, Keall P, 
Lovelock M, Meeks S, Papiez L, Purdie T, Sadagopan R, Schell MC, Salter B, 
Schlesinger DJ, Shiu AS, Solberg T, Song DY, Stieber V, Timmerman R, Tome WA, 
Verellen D, Wang L, Yin FF: Stereotactic body radiation therapy: the report of 
AAPM Task Group 1 01 . Med Phys 201 0, 37:4078-41 01 . 

19. Almond PR, Biggs PJ, Coursey BM, Hanson WF, Huq MS, Nath R, Rogers DW: 
AAPM's TG-51 protocol for clinical reference dosimetry of high-energy 
photon and electron beams. Med Phys 1999, 26:1847-1870. 

20. Iftimia I, Cirino ET, Xiong L, Mower HW: Quality assurance methodology 
for Varian RapidArc treatment plans. J Appl Clinl Med Phys 201 0, 1 1 :31 64. 

21. Gloi AM, Buchana RE, Zuge CL, Goettler AM: RapidArc quality assurance 
through MapCHECK. J Appl Clinl Med Phys 2011, 12:3251. 

22. Li H, Dong L, Zhang L, Yang JN, Gillin MT, Zhu XR: Toward a better 
understanding of the gamma index: Investigation of parameters with a 
surface-based distance method. Med Phys 201 1, 38:6730-6741. 

23. Timmerman R, Heinzerling J, Abdulrahman R, Choy H, Meyer JL: 
Stereotactic body radiation therapy for thoracic cancers: 
recommendations for patient selection, setup and therapy. Front Rodiot 
Ther Oncol 2011,43:395-411. 

24. Poppe B, Blechschmidt A, Djouguela A, Kollhoff R, Rubach A, Willborn KC, 
Harder D: Two-dimensional ionization chamber arrays for IMRT plan 
verification. Med Phys 2006, 33:1005-1015. 

25. Reinhardt S, Hillbrand M, Wilkens JJ, Assmann W: Comparison of 
Gafchromic EBT2 and EBT3 films for clinical photon and proton beams. 
Med Phys 201 2, 39:5257-5262. 

26. Li JG, Yan G, Liu C: Comparison of two commercial detector arrays for 
IMRT quality assurance. J Appl Clinl Med Phys 2009, 10:2942. 

27. Kruse JJ: On the insensitivity of single field planar dosimetry to IMRT 
inaccuracies. Med Phys 2010, 37:2516-2524. 

28. Rangel A, Palte G, Dunscombe P: The sensitivity of patient specific IMRT 
QC to systematic MLC leaf bank offset errors. Med Phys 2010, 
37:3862-3867. 



doi:1 0.1 1 86/1 748-71 7X-9-1 67 

Cite this article as: Kim et ol:. The sensitivity of gamma-index method to 
the positioning errors of high-definition MLC in patient-specific VMAT 
QA for SBRT. Radiation Oncology 2014 9:167. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



(3 BioMed Central 



